The basic physical, chemical, and biochemical properties of mountain soils were determined in alpine-zone meadow and moraine areas of the Tatra Mountains (Slovakia, Poland) in 2000-2001. The amount of soil (dry weight soil < 2 mm) varied from 38 to 255 kg m −2 (average of 121 kg m −2 ) in alpine meadows and averaged 13 kg m −2 in moraine areas. Concentration of organic C was the parameter that most strongly and positively correlated with N, P, S, effective cation exchange capacity (CEC), exchangeable base cations, exchangeable acidity, and all biochemical parameters (C, N, and P in microbial biomass and C mineralisation rates). The relationship between C and P was less straightforward due to inorganic P forms associated with Fe and Al oxides. The average pools of C, N, P, and S, were respectively 696, 41, 2.9, and 1.9 mol m −2 (i.e., 84, 5.7, 0.91 and 0.61 t ha −1 ) in meadow soils, and 38, 2.1, 0.45 and 0.12 mol m −2 (i.e., 4.5, 0.30, 0.14 and 0.04 t ha −1 ) in moraine areas. Soil pH was generally low, with the lowest pHH 2 O values (3.8-4.9) in the A-horizons. Average pools of CEC were 12 and 0.7 eq m −2 in meadows and moraine areas, respectively. The base saturation (BS) was 4-45% (12% on average) of CEC, and was primarily based on Ca 2+ and K + (∼40% and ∼22% of BS, respectively). C:N molar ratios (14-20) were only slightly lower than those observed in the alpine Tatra Mountain zone ∼40 years ago. Concentrations of C, N, and P in soil microbial biomass were high (on average 1.6, 3.4, and 25% of total C, N, and P concentrations), suggesting high microbial activity in alpine soils.
Introduction
The chemistry of surface waters in mountain areas is determined by weathering of rocks, properties of soil, type of vegetation, and hydrology (e.g., Psenner & Catalan, 1994; Baron et al., 1994; Marchetto et al., 1995; Kamenik et al., 2001 ). In addition, lake water chemistry in the Tatra Mountains (Mts) was shown to reflect soil pools in their catchments (Kopáček et al., 2004b) . Predictions of the impacts of future changes in climate or acid deposition on chemistry of mountain lakes, therefore, represent a complex whole-ecosystem study and process-based chemical models. Such models (e.g., MAGIC -Modelling the Acidification of Groundwater in Catchments; Cosby et al., 1985) require extensive chemical data from catchments, including water and soil properties. The data on lake water composition in the Tatra Mts have been published (e.g., Kopáček et al., 2000 Kopáček et al., , 2006 Stuchlík et al., 2006) ; however, sufficient soil data such as pH, cation exchange capacity, base saturation, and C, N, and S concentrations and pools were not available for the alpine zone of the Tatra Mts, with the exception for one catchment (Stuchlík et al., 2002) . Data from past soils surveys (e.g., Pelíšek, 1966 Pelíšek, , 1973a Pelíšek, , b, 1979 Pelíšek, , 1985 Kňa-zovický, 1970; Šály, 1986) are insufficient for such modelling or too old to adequately represent the current soil status. They are, moreover, based on different techniques, which make their comparability difficult.
As a part of the integrated study on European mountainous catchment-lake ecosystems within EU project EMERGE (European Mountain lake Ecosystems: Regionalisation, diaGnostics & socio-economic Evaluation) we sampled and analysed soils in selected alpine catchments of the Tatra Mts in 2000 and 2001. The major aim of this survey was to obtain basic soil characteristic for modelling of various soil-water interactions. Some of the results were used to identify links between composition of lakes and soils in their catchments (Kopáček et al., 2004b) and to apply MAGIC model for alpine lakes in the Tatra Mts (Kopáček et al., 2003 (Kopáček et al., , 2004a . The major aim of this study is to (i) summarise all available data from the 2000-2001 soil survey in the alpine zone of the Tatra Mts, (ii) evaluate basic physical, chemical, and biochemical properties of these soils, and (iii) compare our results with older soil studies in the region. 
Material and methods

Description of study catchments
The Tatra Mts are situated at the Slovak-Polish border (20 • 10 E, 49
• 10 N) and are composed of three major ranges. Soil samples were taken in four and ten catchments of alpine lakes situated in the West Tatra Mts and the High Tatra Mts, respectively (Tab. 1). Soils of the calcareous eastern range were not sampled.
The geology of the investigated area is based on crystalline bedrock. While the High Tatra Mts are composed almost exclusively of granitoids (biotite granodiorites to tonalites), the West Tatra Mts contain a significant amount of metamorphics (gneiss and mica schist) in addition to granodiorite (GOREK & KAHAN, 1973; NEMČOK et al., 1993) .
Vegetation of the alpine zone of the Tatra Mts is dominated by alpine meadows (dry tundra with mostly Festuca picturata, Luzula alpino-pilosa, Calamagrostis villosa, and Juncus trifidus), with patches of dwarf pine (Pinus mugo), and an increasing percentage of rocks (bare or covered with lichens -commonly Rhizocarpon, Acarospora oxytona, and Dermatocarpon luridum) above the upper tree line of 1800 m above sea level (a.s.l.) (VOLOŠČUK, 1994) .
The average annual air temperature decreases with elevation by 0.6
• C per 100 m in the Tatra Mts, being 1.6 and −3.8
• C at elevations of 1778 and 2635 m, respectively (KONČEK & ORLICZ, 1974); for details, including lake water temperature, see ŠPORKA et al. (2006) . The amount of precipitation increases with a rise in elevation, varying from ∼1.0 to ∼1.6 m yr −1 between 1330 and 2635 m a.s.l., but reaches > 2.00 m yr −1 in some valleys (CHOMITZ & ŠA-MAJ, 1974) . Precipitation is generally higher in the northern part than in the southern part of the mountains, as is runoff, which averages 1.42 and 1.57 m yr −1 for the south and north, respectively (LAJCZAK, 1996) . Snow cover usually lasts from October to June at elevations > 2000 m a.s.l.
Soil sampling and analyses
Meadow soils were sampled in places representative for soil and vegetation coverage of the selected catchments (Tab. 1) between 1725 and 2368 m a.s.l. in September 2000 and 2001. Soil samples were taken from 0.25 m 2 pits (50 × 50 cm), which were excavated down to bedrock. All stones > 50 mm in diameter were removed and weighed separately. Soil from each horizon was separately mixed and weighed, then a representative (1-2 kg) sample was placed into a plastic bag for analyses. In the cases where the pit was not a regular quadrangular prism, the area for each individual horizon was measured. The thickness of horizons was measured in each corner and in the middle of each side of the pit and the average value was calculated. The number of samples which were taken from the pit depended on the soil profile development. Because differences exist in classification of alpine Pools and composition of the Tatra Mountain alpine soils S37 soils and their horizons in the Tatra Mts (e.g., PELÍŠEK, 1973a; LINKEŠ, 1981; ŠÁLY, 1986) we used the following independent classification of horizons for the purpose of this study (Appendix 1). (1) In soils with developed and distinguishable horizons (e.g., podsols), samples were taken from the A-horizon (uppermost soil horizon rich in organic matter), and from all existing mineral horizons (M, or M1 and M2) . (2) In soils with homogenous organic and mineral profiles, only two samples were taken -the A-horizon (from the soil surface to the M-horizon) and a representative sample of the mineral horizon (from the top to bedrock). (3) In thin (< 20 cm deep) leptosols, one representative sample along the whole profile was taken. (4) In deep soil profiles with overlaid organic horizons, samples were taken from all distinguishable A-horizons (A1 to A3) and then from mineral horizons. Six till soils were quantitatively sampled from the pits (0.4-0.8 m 2 ) in the moraine areas of five catchments between 1865-2370 m a.s.l. (Tab. 1). These soils are referred as moraine soils further in the text. Wet soil samples were stored at 4
• C in the dark until analysed (usually < 2 weeks). In the laboratory, textural fractions of ∼50 mm to 5 mm, and 5 mm to 2 mm were determined by sieving. Particles of diameters between 0.1 and 2 mm were determined by wet sieving. Air-dried subsamples < 2 mm (dried 14-21 days between two sheets of filter paper at laboratory temperature) were used for chemical analyses. Subsamples for elemental analyses were finely ground to pass through a 100 µm sieve. Biochemical analyses were performed in fresh < 5 mm subsamples.
Chemical soil properties were determined as follows: Dry weight and loss on ignition (LOI) were obtained by sample drying at 105
• C for 2 h and by igniting at 550
• C for 2 hours, respectively. The pH was measured in both distilled water (pHH 2 O) and 0.01 M CaCl2 solution (pH CaCl 2 ), with a mass ratio of air-dried soil to liquid phase of 1:5 after a 2.5 h extraction.
Total P was determined from a HNO3 and HClO4 acid digest using a phosphomolybdate blue method (KOPÁČEK et al., 2001) . Carbon (C) and nitrogen (N) were determined by a CN analyser (NC 2100, ThermoQuest, Italy), and total sulphur (S) after ignition of soil with MgO and Na2CO3 at 800
• C followed by precipitation of liberated sulphate as BaSO4 (ISO 334 International Standard). The total concentration of metals (Ca, Mg, Na, K, Al, Fe, Mn, and Ti) was analysed from a H2SO4, HNO3, and HF mixed acid digest (200 • C, 2 h) by flame atomic absorption spectrometry and/or volumetric titration (Al). Concentration of SiO2 was estimated as the difference between dry weight, LOI, and concentration of metal oxides (CaO, MgO, Na2O, K2O, Al2O3, Fe2O3, MnO, TiO2, and P2O5) . This estimation was compared to the gravimetrically measured SiO2 concentrations determined in 15 samples within the 3-12 mol kg −1 concentration range. The relation between the measured SiO2 concentrations (x, %) and calculated values (y, %) was tight (y = 1.007x + 1.7; n = 15; R 2 = 0.99). This relationship suggests only a minor contribution of other (notdetermined) constituents, and, consequently, a reasonable estimation of SiO2 values.
All the following extraction procedures were performed in 3 steps at laboratory temperature as follows: (1) Soil samples were shaken for 1 hour with 20 mL of extracting solution in capped 50 mL polyethylene centrifuge tubes, centrifuged (10 min, 2,500 rpm, and then the supernatant was decanted, (2) an additional 15 mL of extracting solution was added and step 1 repeated, (3) the previous step was repeated with a further 15 mL of extracting solution but samples were shaken overnight for 15 hours. Supernatants from the three steps were combined, stored in a polyethylene flask and filtered with 0.4 µm membrane filters for base cations and with glass-fibre filters (the same porosity) for other analyses.
Exchangeable base cations (BCex = sum of Ca Oxalate-extractable Fe (Feo), Al (Alo), phosphorus (Po), and soluble reactive P (SRPo) were determined by extraction of 0.5 g of air dry soil with 50 mL of acid ammonium oxalate solution (0.2 M H2C2O4 + 0.2 M (NH4)2C2O4 at pH 3) and citrate-dithionite extractable Fe and Al (Fe cd and Al cd ) from a citrate-dithionite solution (0.09 M Na2S2O4 + 0.57 M Na3C6H5O7 · 2H2O) according to CAPPO et al. (1987) . From extracts, Feo, Fe cd , Alo, Al cd , and Po concentrations were determined according to KOPÁČEK et al. (2001) , and SRPo colorimetrically (WOLF & BAKER, 1990) .
Concentrations of C, N, and P in soil microbial biomass (C mb , N mb, P mb ) were measured by chloroform fumigation (JENKINSON & POWLSON, 1976) of fresh samples (< 5 mm, 10 g), followed by extraction with 40 mL of 0.5 M K2SO4 (C mb and N mb ) or with 200 mL of 0.5 M NaHCO3 (P mb ), and filtration (Whatman, No 42) . In the filtrate, concentrations of C, N, and P were determined by dichromate oxidation (VANCE et al., 1987) , alkaline persulphate oxidation (CABRERA & BEARE, 1993) , and the phosphomolybdate blue method (BROOKES et al., 1982) , respectively.
The carbon mineralisation rate (CMin) was determined according to ŠANTRŮČKOVÁ et al. (1993) . Ten grams of air dry < 2 mm soil were wetted and incubated at 25
• C in a sealed glass bottle. Evolved CO2 was trapped in 0.5 M NaOH and the amount was determined by volumetric titration seven times during the 21-day incubation. The cumulative soil respiration was then calculated.
All chemical and biochemical results further reported in this paper were calculated on a dry weight soil basis. All abbreviations of soil constituents and analytical methods are summarised in Table 2 .
Results and discussion
Physical parameters Soils in the alpine meadows of the West and High Tatra Mts were dominated by undeveloped podsol, leptosol, was moisture. Pools of the < 2 mm dry weight soil fraction varied between 38 and 255 kg m −2 (with averages of 39 and 88 kg m −2 for the A and M-horizons). These figures show the dominance of stones (67%) in the excavated material, while fine soil and moisture represented on average 21% and 12%, respectively. Soils were predominantly sandy, with the 0.1-2 mm size fraction contributing from 51% to 94% (71% on average) to the pool of fine soil in mineral horizons. The LOI averages for individual soil profiles varied between 6% and 42%, with an average of 15% (Tab. 1).
The moraine soils were found in all investigated moraine sites as thin (from < 1 to 3 cm deep) layers covered by a 20-60 cm thick layer of surface stones, or as lenses between stones. Total amount of moraine soils varied between 8 and 82 kg m −2 . Of this amount, 2-40 kg m −2 were stones 2-50 mm in diameter and 1-10 kg m −2 was moisture. Pools of the < 2 mm dry weight of moraine soil varied between 4 and 33 kg m −2 , with an average of 13 kg m −2 .
Chemical and biochemical parameters
The A horizons had on average > 3 times higher concentrations of C, N, and S, and ∼30% lower concentrations of mineral components than mineral horizons (Tab. 3; a list of chemical and biochemical properties of all soil samples analysed under this study is given in Appendix 1). Average pools of C, N, and S in the whole profile were 696, 41, and 1.9 mol m −2 (i.e., 84, 5.7, and 0.61 t ha −1 ), respectively, in meadows, and 38, 2.1, and 0.12 mol m −2 (i.e., 4.5, 0.30, and 0.04 t ha −1 ), respectively, in moraine areas (Tab. 4). Due to the higher amount of mineral soils in the meadow soil profiles (Tab. 3), the C, N, and S pools were nearly equally distributed between the A (55-59%) and M (41-45%) horizons. The pools of total N observed in alpine soils of the Tatra Mts by Pelíšek (1979) , varied from 1.5 to 5.4 t ha −1 . Our data indicate the existence of higher nutrient pools in some parts of this area. The maximal values were observed in soil profiles VH-1, VH-3, and LA-1, with C and N pools of 120-240 and 14-15 t ha −1 , respectively. In contrast to N and S, concentrations of P were only slightly higher in the A than M horizons, and were the highest in moraine soils (Tab. 3). Of the total P pool in alpine meadows, averaging 2.9 mol m −2 (i.e., 0.91 t ha −1 ), 60% were accumulated in the M horizons (Tab. 4). The P pool in moraine soils was 0.45 mol m −2 (i.e., 0.14 t ha −1 ). Concentration of organic C was the dominant parameter affecting most properties of both alpine meadow and moraine soils. The C concentrations positively correlated (P < 0.001) with N, S, and LOI (Fig. 1 ). The C:N molar ratios varied from 14 to 20 and from 8 to 25 in the A and M horizons, respectively, averaging 17 for both. The equation of linear regression between LOI and organic C for all samples from Appendix 1 was tight: LOI(%) = 1.2 + 2.3 × C (mol kg −1 ) (R 2 = 0.99). The relationship between C and P (Fig. 1D ) was weaker than that between C and N or S (Figs 1B, C). The C concentrations explained only 38% of the variability of total P concentrations in the soil samples. The reason behind this was a higher contribution of inorganic P forms (SRP o ) to the total P pool (SRP o :P ratio) in mineral soil horizons, which increased with elPools and composition of the Tatra Mountain alpine soils 
S39
Explanations: All data are expressed per dry weight < 2 mm soil fraction. For abbreviations of soil constituents see Table 2 . Table 4 . Ranges (minimum -maximum) and average pools of soil (dry weight < 2 mm soil fraction), total C, N, P, S and effective cation exchange capacity (CEC) and its major components (exchangeable base cations, aluminium, and protons) in the alpine zone of the Tatra Mts. evated concentrations of Fe and Al. When SRP o was subtracted from total P, 58% of variability of the total P minus SRP o values was explained by C concentrations (results not shown). The Fe and Al oxides usually determine the phosphate sorption capacity of soils (e.g., Yuan & Lavkulich, 1994) and can be quantified as concentrations of oxalate or citrate-dithionite extractable Al and Fe. While mainly amorphous Fe oxides are extracted by oxalate, total Fe oxides are extracted by citratedithionite. The P o concentrations were tightly correlated with the sum of Al o + Fe o (or Fe cd ) (P < 0.001), indicating the association of inorganic P (SRP o was 10-90% of P o ) with Al and Fe oxides. In concordance, the SRP o :P ratio varied in a wide range between 0.05 and 0.60, being lower in the A than in M horizons (0.1 vs. 0.2 on average), with higher Al o and Fe o or Fe cd concentrations (Tab. 3). Similarly, the SRP o to P o ratios increased with concentrations of Al and Fe oxides and were lower in the A than in M horizons (0.2 vs. 0.4 on average). The above results suggest that both concentrations of C and Al and Fe oxides controlled P concentrations in the alpine soils. Such a pattern is consistent with P chemistry in forest soils (e.g., Kopáček et al., 2002) . Moraine soils did not differ from the A horizons of meadow soils in the total P concentration but rather in its quality. Moraine soils had generally higher SRP o and P o concentrations, as well as the SRP o :P ratios, than the meadow soils despite lower Al o concentrations (Tab. 3). Such a high pool of mineral P, low C:P molar ratios (85 in moraine soils compared to 306 and 150 in the A and M horizons of meadow soils, respectively), and relatively large biochemical activities of moraine soils (see later), imply the importance of the moraine areas in the total soil microbial activity in the alpine zone.
Concentrations of SRP o in the alpine meadow soils (Tab. 3) were comparable with concentrations of available P observed in the A horizons of alpine soils in the Tatra Mts (1-2.6 mmol kg −1 ) by Pelíšek (1973b) . The Al o concentrations were slightly higher than Al cd (Al cd = 0.96Al o -17; R 2 = 0.93) for all the samples from Appendix 1) but the Fe o concentrations were generally lower than Fe cd (Fe cd = 1.74Fe o -11; R 2 = 0.85). The citrate-dithionite extraction liberated on average 9-75% (35% on average) of total Fe in the samples regardless of the horizon. In contrast, Al cd represented on average 5% of total Al because most of total Al is in stable aluminosilicates.
The concentration of organic C was the major variable explaining 53-76% of variability in biochemical soil parameters (Fig. 2) . Biochemical activity of the A horizons was 3-5 times higher than that of the M horizons. Biochemical activity of moraine soils was comparable to that of mineral horizons in meadows, suggesting that moraine areas should not be neglected in the wholeecosystem studies, such as modelling of N retention in alpine catchments (e.g., Kopáček et al., 2003) . The C mb , N mb , and P mb concentrations represented on average 1.6, 3.4, and 25% of the total C, N, and P concentrations, respectively, in the A horizons (Tab. 3). These C mb :C and P mb :P ratios of alpine soils were ∼3 times higher than the respective values in the A horizons of spruce forest soils in the Bohemian Forest, while the N mb :N ratios were comparable . Carbon mineralisation rates in the A and M horizons of alpine soils (Tab. 3) were similar to values observed in forest soils (∼9 and 0.2-2.4 mmol kg −1 d −1 in the A and underlying mineral horizons, respectively; . These results imply a high biochemical activity of alpine soils compared to spruce forest soils. The biochemical activity of alpine meadow soils is com- Table 2 .
parable with biochemical activity of lowland meadows (Šantrůčková, unpublished data) .
Cation exchange capacity was highest in the A horizons (on average 340 and 128 meq kg −1 of CEC T and CEC, respectively) and decreased with the soil depth and decreasing C concentrations in soil (Tab. 3). Total cation exchange capacity was up to 6-fold higher than effective CEC (Appendix 1) with average CEC T :CEC ratios of 2.6 and 2.1 for meadow and moraine soils, respectively. The CEC T represents the uppermost limit of the soil exchange capacity (due to high pH during determination and complete dissociation of organic acids), which is never reached in natural conditions. The effective CEC is a more realistic estimation of the real soil exchangeable capacity at ambient conditions and, consequently, all further evaluations in this study concern these values.
The effective CEC varied between 20 and 207 meq kg −1 (all horizons) and was dominated by Al 3+ ex (38-93%; average of 70%), while BS ranged from 4% to 45% (12% on average). In contrast to Al 3+ ex concentrations, which differed little between the A and M horizons, the BC ex and H + ex concentrations were 2-3 times higher in the A horizons, contributing there on average ∼19% each to CEC (Fig. 4) . Average pools of CEC and BC ex were 12 and 1.5 eq m −2 , respectively, in meadow soil profiles (including all existing horizons), and 0.7 and 0.08 eq m −2 , respectively, in moraine soils (Tab. 4). Thus, average base saturation of meadow and moraine soils was very similar: 12% and 10%, respectively. The pool of BC ex was dominated by Ca 2+ ex (47% and 35% on average in the A and M horizons, respectively) and K + ex (∼22% on average in both horizon types).
Base saturation of meadow soils determined during this study was ∼2 times higher than data reported by Pelíšek (1973a) (6-10% and 2-4% for the A and lower mineral horizons of mountain podsols, respectively). Such a big difference probably resulted from different methods used, because an increase in BS in the Tatra soils was not probable during the last decades of soil acidification (Kopáček et al., 2003) . Changes in composition of atmospheric deposition may significantly affect soil properties, and decreasing BS under long-lasting acid deposition is one such response (Reuss & Johnson, 1986; Kennedy, 1992) .
The effective CEC and its individual components (BC ex , Al 3+ ex , and H + ex ) correlated positively with concentrations of organic C (P < 0.001 for all relationships; Fig. 3 ), emphasising the dominant role of organic matter in the soil cation exchange capacity. The tight correlation between organic C and H + ex (Fig. 3C ) and, consequently, the negative correlation between organic C and pH ( Figs 3E, F) explains the pH increase with depth, observed along all soil profiles (Appendix 1). The pH CaCl2 varied between 3.2 and 4.3 (3.8 on average) in the A horizons and averaged 4.1 in the M horizons. The pH H2O pattern in the soil profiles was comparable to that of pH CaCl2 , but pH H2O values were ∼0.6 unit higher than pH CaCl2 (Tab. 3). The CEC concentrations and its relative composition (as well as pH values) in moraine soils were comparable to that of the M horizons of meadow soils (Fig. 4) .
The observed pH H2O values were in concordance with those reported for the A (4.1-4.5) and lower minPools and composition of the Tatra Mountain alpine soils S43 Table 5 . Average (± standard deviation) chemical composition of major bedrock (granitoids, n = 16) and soil ash from the A (n = 31) and M (n = 23) horizons of alpine soils in the Tatra Mts.
A horizons 73.9 ± 2.9 16.4 ± 1.7 2.7 ± 1.4 0.04 ± 0.04 0.5 ± 0.3 0.7 ± 0.3 2.7 ± 0.6 2.4 ± 0.6 0.40 ± 0.2 0.28 ± 0.13 M horizons 72.4 ± 2.1 16.9 ± 0.8 3.2 ± 1.8 0.06 ± 0.06 0.5 ± 0.4 0.8 ± 0.3 3.1 ± 0.8 2.6 ± 0.7 0.35 ± 0.2 0.16 ± 0.08 Bedrock 1) 69.4 ± 1.3 15.6 ± 0.7 2.5 ± 0.4 0.06 ± 0.02 2.8 ± 0.3 1.6 ± 0.5 2.1 ± 0.4 4.7 ± 0.5 0.45 ± 0.1 0.27 ± 0.16
Explanations: All data are expressed in mass per cent. eral horizons (4-5) of alpine soils in the Tatra Mts by Pelíšek (1973a, b) . Our pH H2O data on lower mineral soil horizons in the Račková dolina and Jamnícka dolina valleys (RC-1 and NJ-1, the West Tatra Mts) were similarly well comparable to those summarised by Kňazovický (1970) . But, we observed ∼0.5 unit higher pH H2O in the A horizons of RC-1 and NJ-1 soil profiles than Kňazovický (1970) , and our results were similar to values reported for soils in the West Tatra Mts by Šály (1986) . Chemical compositions of soil ash and major bedrock (granitoids) in the Tatra Mts were well comparable for concentrations of Si, Al, Fe, Mn, and Ti oxides (Tab. 5). In contrast, the ash from both A and M horizons had ∼5 times lower concentrations of CaO, and ∼2 times lower concentrations of MgO and Na 2 O. This pattern is probably associated with the continuous soil depletion of base cations during soil development. Low Ca and Mg concentrations in alpine soils of the Tatra Mts well reflect their zero or negligible carbonate content (Pelíšek, 1973b) .
Variability in soil composition and pools of soil constituents No distinct pattern in soil chemistry and biochemistry was observed along the regional (west-east) gradient, and the A and M horizons had relatively uniform compositions, with coefficients of variation within 12-115% and 5-104% ranges, respectively (for all chemical and biochemical parameters given in Appendix 1). The highest variability was observed for Fe cd , while coefficients of variation < 55% were typical for C, N, P, and CEC. The reason behind this relatively low variability was that most samples were taken in dry alpine meadows and only two (VTS-2 and VH-3) in wet places along streams. Because the sampling places were always representative for major land cover in the catchments and the catchments were selected along the whole western and central massif, the average soil composition (Tab. 3) reasonably represents the alpine zone of the Tatra Mts in the early 2000s.
Despite relatively stable BC ex concentrations observed in the A and M horizons of meadow soils (23 ± 14 and 7 ± 3 meq kg −1 , respectively), there was surprisingly high variability in BS even within individual catchments. For example, both the highest and very low BS values within this study were observed in the catchment of lake Ľadové pleso (37% and 45% in LA-1 and LA-4, respectively; vs. < 10% in LA-2 and LA-3; Appendix 1). Similar variability in BS was observed also in the catchment of lake Vyšné Wahlenbergovo pleso (from 9% in VW-4 to 38% in VW-2; Appendix 1). Low soil base saturation of some catchments such as that of lakes Vyšné Terianske pleso (Appendix 1) or Starolesnianske pleso (Stuchlík et al., 2002) in combination with very low weathering rates of their bedrock resulted in the extreme sensitivity of these catchment-lake ecosystems to acid deposition and in strong acidification during the second half of the 20 th century (Kopáček et al., 2004a) .
Great differences in the depth and soil amount of the individual soil profiles resulted in very high variability in the pools of soil constituents, with the coefficient of variation ranging from 80% to 203% and from 55% to 140% for the A and M horizons, respectively. Consequently, the sampled sites differed primarily in the pools of soil constituents and substantially less in the soil composition.
Soil composition showed only two significant relationships along the altitudinal gradient: (1) decreasing C:N ratios in the A horizons (P < 0.01; Fig. 5A ) and (2) increasing concentration of total Mg in the A horizons (P < 0.01; Fig. 5B ) with increasing altitude. The inverse relationship between alpine soil C:N ratios and elevation was surprising because Pelíšek (1966 Pelíšek ( , 1973a observed an increase in forest soil C:N ratios along the vertical profile of the Tatra Mts from 14-17 in lowland podsols to 18-24 in mountain podsols. The reasons for decreasing C:N ratios and increasing Mg concentration in the alpine meadow soils with elevation is unclear. We hypothesise that the inverse relationship between C:N and altitude could be connected with the tendency of alpine plants to have higher concentrations of N per unit of dry matter compared to lowland plants due to a higher proportion of leaf protein. At least half of the leaf proteins are involved in photosynthesis (Körner, 1999) . This coincides with the increase in the content of Mg, which is an important component of the photosynthetic apparatus.
In the A horizons of alpine Tatra soils, Pelíšek (1973a) observed C:N ratios ranging from 15 to17 in brown sub-alpine soils, from 16 to 20 in grey sub-alpine soils, and between 18 and 24 in podsols. These data from the 1960s are only slightly higher than the current C:N molar ratios (14-20), suggesting only a small decline in C:N ratios over the last ∼40 years despite substantially elevated atmospheric input of inorganic N during this period (Kopáček et al., 2003) .
Conclusions
Twenty-five meadow soil profiles and six moraine soils were sampled along the alpine zone of the West Tatra and High Tatra Mts in September 2000 and 2001. The major aim of this survey was to obtain basic soil characteristic for modelling of various soil-water interactions. For this reason, we did not sample all individual soil horizons as identified, e.g., by Pelíšek (1973a), but only major horizons for determining variability in soil chemistry in the area and pools of major elements. The total amount of soil in alpine meadows of the Tatra Mts varied from 212 to 1110 kg m −2 , with stones > 2 mm in diameter, fine soil, and moisture contributing on average 67%, 21%, and 12%, respectively. The average amount of fine soil was 121 kg m −2 . Soil chemical and biochemical composition was spatially uniform, with coefficients of variation of all parameters between 5 and 115%, and did not exhibit significant differences between the catchments or along the elevation gradient (with the exception of decreasing C:N ratios and increasing total Mg concentration with elevation). Soils were acidic, with a depleted carbonate buffering system. The average CEC was 12 eq m −2 , average base saturation was 12%, and average pH H2O and pH CaCl2 were 4.4 and 3.8 in the A horizons, and 4.6 and 4.1 in the M horizons, respectively. Average pools of C, N, P, and S were 696, 41, 2.9, and 1.9 mol m −2 , respectively. The results demonstrate that not soil composition but soil amount accounts for the main differences in soil nutrient pools.
Concentrations of C and P in soil microbial biomass were ∼3 times higher than those in spruce forest soils in the Bohemian Forest . Concentrations of N in soil microbial biomass and carbon mineralisation rates (on average 6 and 2 mmol kg −1 d −1 in the A and M horizons, respectively) of alpine meadow soils were similar to values observed in the Bohemian Forest soils.
Moraine areas had, on average, 13 kg m −2 of < 2 mm soil in small deposits between stones. Their chemical and biochemical properties were similar to mineral horizons of alpine soils but had higher concentrations of P forms. The reported data represent the first detailed chemical records on the alpine soils in the Tatra Mts. Moreover, the data were obtained at the beginning of soil recovery from long-lasting acidification, caused by ∼50 years of high acid deposition (Kopáček et al., 2004a) . As such, the data represent a valuable background database for future similar studies in the region. 
